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AUTOMATIC TEST PATTERN GENERATION FOR FUNCTIONAL REGISTER 
TRANSFER LEVEL CIRCUITS USING ASSIGNMENT DECISION DIAGRAMS 

5 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 60/209,340 filed June 5, 2000, which is hereby 
incorporated by reference as if set forth in full herein. 

10 

BACKGROUND 

The present invention relates to generating test patterns 
for digital circuits and in particular to generating test 
patterns for functional registered transfer level circuits by 

15 using an assignment decision diagram and a nine symbol algebra. 

Test pattern generation for digital circuits which are 
sequential in nature is often difficult. Typically a large 
amount of computing time and resources are required to generate 
test patterns that target detection of stuck-at faults at the 

20 logic level, even for a moderately sized digital circuit. Design 
for testability (DFT) techniques have been proposed that reduce 
the complexity of the digital circuit by altering the circuit . 
However, although testability of the circuit increases, area 
overhead penalties, performance penalties, power overhead 

25 penalties or a combination thereof are often encountered. Hence, 
using DFT techniques is not always an option for easier 
generation of test patterns. 

Furthermore, conventional test pattern generators often 
target the digital circuit at its logic level. At this level, 

3 0 it may be impossible to generate test patterns for large 
sequential circuits that provide adequate stuck-at fault 
coverage. Even if test patterns are generated with great 
difficulty, problems discovered at this level do not make the 
design process easier or reduce design turnaround time. 

35 
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At the register transfer level (RTL) , the problem size is 
reduced as the number of primitive elements in the digital 
5- circuit at this level is less than at the logic level. As a 
result, the test generation problem is simplified. Also, since 
the design process often starts at this level, discovery of 
errors can be easily fixed rather than at the logic level. 

10 SUMMARY OF THE INVENTION 

The present invention provides a test pattern generation 
system and method for register transfer level circuits. 

In accordance with one aspect of the invention, test 
patterns are generated by generating an assignment decision 

15 diagram of the register transfer level digital circuit. From the 
assignment decision diagram, modules are identified and 
objectives are determined by using a nine-valued symbolic 
algebra. The objectives are justified and propagated by 
traversing the assignment decision diagram to obtain a test 

2 0 environment. Predetermined test vectors are propagated through 

the register transfer level digital circuit using the test 
environment obtained. In one aspect of the invention, the 
assignment decision diagram comprises a graph-like structure 
representing functional behavior of the register transfer level 

2 5 digital circuit and an approximate structural representation of 

the register transfer level digital circuit. In further aspects 
of the invention, pre-computed test vectors for one of the 
modules identified are applied to the test environment to obtain 
a system-level test set for the module identified and system- 

3 0 level test sets for each of the modules identified are 

concatenated to obtain a complete test set for the register 
transfer level digital circuit. 

In another aspect of the invention, test patterns are 
generated by receiving a functional register transfer level 
35 circuit design of the digital circuit having a single clock line. 
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A data structure from the circuit design received is generated 
and logic structures and blocks from the data structure are 

5 identified. Test objectives are justified from the inputs of the 
logic structures and blocks from primary inputs of the register 
transfer level digital circuit to identify justification paths. 
Test objectives are propagated from outputs of the logic 
structures and blocks to primary outputs of the register transfer 

10 level digital circuit to identify propagation paths. 
Predetermined test vectors are propagated through the digital 
circuit using the justification and propagation paths identified. 
In further aspects of the invention, pre-computed test vectors 
for one of the logic structures and blocks identified are applied 

15 to the justification and propagation paths to obtain a system- 
level test set for one of the logic structures and blocks 
identified and the system-level test sets for each of the logic 
structures and blocks identified are concatenated to obtain a 
complete test set for the register transfer level digital 

20 circuit. 

Many of the attendant features of this invention will be 
more readily appreciated as the same becomes better understood 
by reference to the following detailed description considered in 
connection with the accompanying drawings. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a flow diagram of one embodiment of the 
test pattern generation process of the present invention; 

FIG. 2 illustrates one embodiment of an assignment decision 
3 0 diagram used by the test pattern generation process of the 
present invention; 

FIG. 3 illustrates one embodiment of a functional RTL 
circuit represented by a hardware description language; 

FIG. 4 illustrates one embodiment of an assignment decision 
35 diagram of the RTL circuit represented in FIG. 3; 
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FIG. 5 illustrates a state transition diagram for the RTL 
circuit represented in FIG. 3; 
5 FIG. 6 illustrates a flow diagram of one embodiment of a 

sub-process performing justification and propagation search of 
an internal portion of an assignment decision diagram; 

FIG. 7 illustrates a block diagram of one embodiment of 
objectives stored and manipulated in the sub-process as shown in 
10 FIG. 5; 

FIG. 8 illustrates a flow diagram of one embodiment of the 
sub-process testing the test environment found; 

FIG. 9 illustrates a flow diagram of one embodiment of the 
sub-process of testing storage elements identified in a digital 
15 circuit; and 

FIG. 10 illustrates a flow diagram of one embodiment of the 
sub-process of testing black boxes identified in a digital 
circuit . 

2 0 DETAILED DESCRIPTION 

FIG. 1 illustrates a flow diagram of one embodiment of a 
test pattern generation process of the present invention. In 
block 101, the process receives a functional RTL circuit 
description. In block 103, the process identifies each process 

2 5 and the concurrent RTL statements in each leaf component of the 

RTL circuit. In block 105, the process converts the RTL 
statements identified into assignment decision diagrams (ADDs) . 
Internal portions or modules of one of the ADDs are targeted in 
block 107, e.g., arithmetic modules. In block 109, each targeted 

3 0 internal portion is tested. The internal portions of the ADD are 

tested using nine valued symbolic RTL justification and 
propagation. The RTL justification and propagation traces paths 
from the primary inputs of the circuit to the inputs of the 
internal portion and paths from the outputs from the internal 
35 portion to the primary outputs. The nine valued symbolic algebra 
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used in justification and propagation is discussed in greater 
detail later. 

5 In one embodiment, the justification and propagation is a 

branch and bound-type search with backtracking utilized with 
adjustable backtrack and search time limits. If the process 
receives a hierarchical RTL circuit description in block 101, 
then a hierarchy search traversal is utilized. Any 

10 transformations across operations are based on the nine valued 
algebra and stored in a look-up table. In block 111, the process 
determines if the testing of the internal portions result in a 
test environment. If in block 111, the process determines that 
a test environment has not been located, then in block 113 the 

15 process determines if heuristics have been previously utilized. 
If the process determines that heuristics have not been utilized, 
then the process utilizes heuristics in block 115. Utilizing 
heuristics increases test coverage of the internal portion. 
Thus, the process returns to block 109 to continue testing the 

20 internal portions of the ADD utilizing the heuristics provided 
in block 115 . 

If the process, in block 113, determines that heuristics 
have been used and no test environment has been found, in block 
111, then the process determines that a test environment cannot 
25 be determined for the targeted internal portion. Thus, the 
process continues to block 19 to target the next internal 
portion. 

If, in block 111, the process determines that a testing 
environment has been determined, a system level test set for the 

30 internal portions is generated in block 117. In block 119, the 
next internal portion of the ADD, e.g., other arithmetic modules, 
is targeted. The process also continues to test the other 
internal portions of the ADD and all the ADDs (logic arrays, 
storage units, interconnects, random logic blocks, and black 

35 boxes) until the process determines in block 121 that all the 
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internal portions of the ADDs have been tested. In block 123, 
the system level test sets generated for all the internal 

5 portions tested (in block 115) are concatenated to generate a 
complete RTL circuit test set and the process ends. 

Referring to block 105 in which the process converts the RTL 
statements into an ADD, FIG. 2 illustrates one such assignment 
decision diagram. A digital circuit includes primary inputs, 

10 primary outputs and internal storage elements. As such, the 
digital system is a set of computations on the values presented 
at the primary inputs with the results of the computations being 
stored in the internal storage elements or conveyed to the 
primary outputs. Thus, an assignment decision diagram represents 

15 a digital circuit as a set of conditional assignments to one or 
more targets in which the targets represent storage elements or 
output ports of a digital system. 

The assignment decision diagram is a uni-directed acyclic 
graph. The assignment decision diagram includes four sections, 

2 0 an assignment value section 21, an assignment condition 23, an 

assignment decision 25 and an assignment target 27. Each section 
includes one or more nodes, read nodes, write nodes, operation 
nodes or assignment decision nodes. Each node has different 
attributes and are connected to other nodes. Connections between 
25 nodes are represented as uni-directed edges. 

The assignment value section 21 represents a computation of 
values that are ultimately assigned to a storage element or an 
output port. Each value is computed from the current contents 
of the input ports, storage elements or constants and is 

3 0 represented as a read node, i.e., read nodes Rl and R2 . The 

computation is represented as a data-flow graph having operation 
nodes 01 and 02 that are, for example, logical or arithmetic in 
nature . 

The assignment condition section 23 includes read nodes R3- 
35 R6 connected to operation nodes 03-07. Read node R5 represents 



-6- 



1 40704/PYI/F179 

a state register that represents a storage unit acting as a 
control step sequencer for a multi- state design. In other words, 

5 the state register includes a series of control instructions or 
assignment values that are sequenced by an assignment condition. 
The end products of the computation AS1 and AS2 are Boolean 
values and represent assignment condition selections. As such, 
the end products or assignment selections AS1 and AS 2 act as 

10 guarding conditions for the assignment value section 21. 

The assignment decision section 25 includes an assignment 
decision node AD1 that selects a value from a set of values that 
are provided at the inputs of the assignment decision section. 
The inputs are provided from the assignment value section and 

15 selection inputs are provided from the assignment condition 
section. Thus, if assignment selection AS1 is true, assignment 
input All is selected. If assignment selection AS2 is true, 
assignment input AI2 is selected. If selection input AS1 and 
selection input AS 2 are not true, neither input All or AI2 is 

20 selected. Since only one of the inputs All or AI2 is selectable 
at a time, the selection input AS1 and AS 2 do not evaluate to 
true at the same time. 

The assignment target section 27 includes write nodes. In 
the embodiment described, the assignment target section includes 

25 write node WI1. The write node receives a value from the 
assignment decision section, i.e., the selected value from the 
assignment decision node AD1 . Also, since, at a given time, only 
one of the assignment inputs to the assignment decision node only 
evaluates to true, only one value is assigned to the assignment 

3 0 target at a time. Thus, all assignment conditions for an 
assignment target are mutually exclusive. 

In one embodiment, storage units with multiple write ports 
(not shown) are represented by multiple assignment decision nodes 
with each assignment decision node representing assignments to 

35 one of the multiple write ports. As such, an assignment value 
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is written to a write port via the assignment decision node only 
if the corresponding assignment condition evaluates to true. 

5 Storage units with multiple read/write ports (not shown) are 
represented by a two-dimensional array with an index assigned to 
each read/write port. The index identifies a location from which 
an assignment value is read from or written to. Storage units 
with multiple read ports are represented as read nodes with 

10 multiple output lines, such as read nodes Rl and R2 . 

In one embodiment, the size of the assignment decision 
diagram is proportional to the number of conditional assignments 
to all the ports and storage units. The assignment decision 
diagram represents conditions and computations in a consistent 

15 and seamless data-flow fashion. As such, the assignment decision 
diagram resembles a final structural netlist without relying on 
any specific synthesis decisions which facilitates locating 
stuck-at faults. Also, with control and data being integrated, 
as represented by the assignment decision diagram, control and 

20 data path separation problems are avoided during testing. 

Referring back to FIG. 1 and in particular to block 101, the 
process receives a RTL circuit description. FIG. 3 illustrates 
a functional RTL circuit represented as a hardware description 
language. From a hardware description language, such as VHDL or 

2 5 Verilog, each process is converted to an assignment decision 

diagram. For a combinational process and a sequential process 
of a finite state machine (FSM) , the two processes are combined 
into one assignment decision diagram. FIG. 4 illustrates the 
assignment decision diagram of the RTL circuit description of 
30 FIG . 3. For example, the RTL statement 301 (FIG. 3) is 
represented by the read nodes A, B, operation node 63, assignment 
decision node 41 and write node NEXT_F. Reset, APORT, BPORT, 
CPORT, DP0RT, E and Reset represent primary inputs and Oport 
represents a primary output. NEXT_A, NEXT_B, NEXT_C, NEXT_D , 

35 
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NEXT_F, NEXT_G , NEXT_0 and NEXT___STATE are assignment targets. 
Current_state represents a state register, a storage unit. 

5 A, B, C, D, E, F, 0, G, 3 and 0 are assignment values 

represented as read nodes. Additionally, APORT, BPORT, CPORT, 
DPORT, SO, SI, S2 and S3 are assignment values represented as 
read nodes. Various operation nodes are coupled to some of the 
read nodes and represent computation, e.g., A+B, A-B, etc. 

10 These read nodes and operation nodes are the assignment value 
section of the assignment decision diagram. The assignment value 
section is coupled to an assignment decision section that 
includes assignment decision nodes 31, 33, 35, 37, 39, 41, 43 and 
45. The assignment condition section providing the selection 

15 input to the assignment decision section includes read nodes SO, 
SI, S2, S3 and RESET and various operation nodes coupled to the 
read nodes . 

A state transition graph is also generated for state 
variables, e.g., Current_state, as shown in FIG. 5. The states 

2 0 which are reached by setting or resetting input lines are reset 

states. The states where data is read from RTL variables which 
are inputs to the process where the FSM exists are input states. 
In FIG. 5, the reset state is state SO and the input state is 
state SO. The output state is state S3. Output states are 

25 states where the results of computations within the FSM are 
written into RTL variables which are outputs to the process where 
the FSM exists. 

Referring again to FIG. 1 and in particular block 109, in 
one embodiment, a nine symbol algebra is utilized to perform 

30 symbolic justification and propagation of the RTL circuit. The 
nine symbols include general controllability, Cg, controllability 
to zero, CO, controllability to one, CI, controllability to all 
ones, Cal, controllability to a constant, Cq, controllability to 
a z value, Cz, controllability to a state, Cs, observability, O, 

35 and compliment of observability, O' . Similar symbolic algebra 
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has been used for built-in self-test schemes on structural 
digital circuit designs. One such scheme is described in "A BIST 
5 Scheme for RTL Circuits Based on Symbolic Testability Analysis" 
by Ghosh et al . , the disclosure of which is hereby incorporated 
by reference. 

The general controllability symbol of an RTL variable 
re p reS ents the ability of the symbol to control its value to an 
10 arbitrary value. For example, if a general controllability 
symbol determined on a particular RTL variable having a byte 
width w n" , then the RTL variable is controllable to any 2 n values 
possible on that RTL variable from the primary inputs of the RTL 
circuit . 

15 The controllability to zero symbol of a RTL variable 

represents the ability to control the RTL variable to the value 
of zero. The controllability to one symbol of a RTL variable 
represents the ability to control the RTL variable to the value 
of one. The controllability to all ones symbol of a RTL variable 

2 0 represents the ability to control the RTL variable to the value 

of all ones. For example, all bits have a value of one for a 
multi-byte variable. In contrast, for the controllability to one 
symbol only a single bit has a value of one for the multi-byte 
variable. However, the controllability to all ones symbol is 
25 identical to the controllability to one symbol for a single bit 
RTL variable. For a 2 ! s complement arithmetic, controllability 
to all ones corresponds to controllability to a minus one value. 

The controllability to a constant symbol of a RTL variable 
represents the ability to control the RTL variable to a fixed 

3 0 constant value. For example, for an "n" byte RTL variable, the 

controllability to a constant symbol represents the ability to 
control the RTL variable to a single constant value out of 2 n 
possible values. For a single bit variable, the controllability 
to a constant symbol represents the ability to control the RTL 
35 variable to either a zero or one. The controllability to a z 
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value symbol of a RTL variable represents the ability to control 
the RTL variable to a high impedance z state. The 

5 controllability to a state symbol of a state variable defined in 
a finite state machine represents the ability to control the 
state variable to a particular state. The observability symbol 
of a RTL variable represents the ability to observe a fault at 
a RTL variable. For example, in a mult i -byte RTL variable, the 

10 observability symbol signifies that a faulty value is present on 
the RTL variable that differs from the correct or expected value. 
The compliment observability symbol is applicable for only single 
bit RTL variables and signifies a zero/one fault, i.e., the 
expected value on the RTL variable is a zero and the faulty value 

15 is a one. 

The general controllability symbol on a RTL variable also 
represents the controllability to zero, controllability to one, 
controllability to all ones, and the controllability to a 
constant symbols for the same RTL variable. Likewise, either the 

2 0 controllability to zero, controllability to one, or the 

controllability to all ones symbols similarly represents the 
controllability to a constant symbol for the same RTL variable. 

Using the nine symbols, transformation rules for 
justification and propagations are formulated. For example, 

2 5 general controllability at the output of an addition operation 

can be transformed to a general controllability symbol at one 
input of the addition operation and a controllability to a 
constant symbol at the other input to the addition operation. 
Similarly, an observability symbol at an input of a 

3 0 multiplication operation can be transformed to an observability 

symbol at the output of the multiplication operation and either 
a controllability to one or a controllability to all ones symbol 
at the other input of the multiplication operation. In one 
embodiment, transformation rules are stored in look-up table. 

35 
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Since digital circuits often contain buses that split or 
join, bit indices are added to the RTL variable. Also, since the 

5 digital circuit may be sequential in nature, time frames are 
introduced to the nine symbol algebra. Thus, using the nine 
symbol algebra, an RTL justification/propagation record is 
defined as a six valued set including an ATPG objective, variable 
name, upper bit index and lower bit index of the variable, time 

10 frame value and a state value. For example, Cg(a[7:0], 0, -) 
represents that the objective of general controllability on the 
RTL variable a [7:0] in time frame 0 must be meet. Likewise, 
Cs (Current_state, 3, SO) represents that the objective of 
controllability of the state variable, Current_state to state SO 

15 in time frame 3 must be meet. 

As such, using the nine symbol algebra, justification and 
propagation paths of the RTL circuit can be described. For 
instance, the process targets an internal portion of the 
assignment decision diagram, i.e., in arithmetic module, such as 

20 the operation node 63, i.e., the addition operation in state SI. 
Control of the two inputs, read nodes A and B, of the addition 
operation, operation node 63, is required. Also, observation of 
the write node NEXT_F and traversal of the finite state machine 
is required in order to meet the justification and propagation 

25 objectives. Referring to FIG. 5, the traversal of the finite 
state machine is from the state SO, a reset state, to state SI, 
an input state, to state S3, the output state. 

FIG. 6 illustrates a flow diagram of one embodiment of the 
sub-process performing the justification and propagation search 

30 of an internal portion of the assignment decision diagram. In 
block 201, initial objectives are established for the targeted 
internal portion, e.g., the addition operation node. For 
example, for the addition operation node 63, initial objectives 
are the observability of the output of the addition operation and 

35 the general controllability of the two inputs to the addition 
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operation. The CS objective, controllability to a state, is also 
included since the addition operation executes in state SI. In 

5 block 2 03, the sub-process propagates the first objective through 
the assignment decision diagram based on the functionality of the 
RTL modules as described by the ADD . In block 2 05, the sub- 
process determines if a primary input has been reached. If in 
block 205, the sub-process determines that a primary input has 

10 been reached, the objective is considered to be satisfied and 
thus stored in a table representing the test environment for the 
internal portion of the ADD targeted. In block 211, the sub- 
process determines if all of the objectives have been satisfied 
and if the sub-process determines that all of the objectives have 

15 been satisfied, the sub-process returns. If the sub-process 
determines that more objectives remain that need to be satisfied 
then in block 209, the sub-process retrieves the next objective 
and in block 2 03 propagates the new objective. 

If, in block 205, the sub-process determines that a primary 

2 0 input has not been reached, then the sub-process transforms the 

objective in block 213. In one embodiment, the objective is 
transformed based on predetermined records in a look-up table. 
Also, as required, time frames of the objectives are incremented 
or decremented. In block 215, the sub-process determines if the 
25 new objective or objectives conflict with other objectives, e.g., 
objectives already satisfied. If the sub-process determines that 
the new objectives do not conflict with other objectives, the 
sub-process repeats by traversing the ADD using the new 
objectives in block 203. However, if, in block 215, the sub- 

3 0 process determines that a conflict exists, the sub-process in 

block 217 backtracks. As such, if the search fails in one 
direction, the search backtracks, i.e., abandons an intermediate 
decision and continues in a new direction. In one embodiment, 
a backtrack limit and/or a time limit on each search is 
35 established. The process then repeats continuing to block 213 
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to generate new objectives and determining if the new objectives 
again conflict other objectives, in block 215. The propagation 
5 objectives are similarly determined and satisfied by the sub- 
process however in block 2 05 instead of primary inputs, primary 
outputs is the condition used to determine if the objective is 
satisfied. 

FIG. 7 illustrates a block diagram of objectives stored and 

10 manipulated in the justification and propagation search sub- 
process as described in reference to FIG . 6 for testing of the 
arithmetic module. The initial objectives are put in a stack 
551. According to the functionality of the RTL modules, the 
objectives are transformed from the top of the stack. As 

15 indicated by mark 553, some intermediate steps while traversing 
through the control logic is not shown, for readability since the 
number of intermediate steps may be numerous. Marking 553 
indicates a multiple choice since that one or more choices for 
transformation and backtracking may be required at the indicated 

20 point. For justification, the state sequence is determined as 
illustrated in the first row of stacks containing shifting 
objectives and objectives that are satisfied. The justification 
paths from the operation inputs to the addition operation to the 
primary inputs are determined as shown in stacks 551E-F. 

25 Propagation paths conforming to the state transition graph as 
shown in FIG. 5 is also determined as shown in stacks 551G-M. 

Referring now to FIGs . 4-7, the traversal of the assignment 
decision diagram to solve the justification objectives is 
described in greater detail below. As the assignment decision 

3 0 diagram is traversed if a read node is reached and the read node 
is not a primary input or an input to the process, i.e., current 
state, the objective is shifted to a corresponding write node. 
For example, the general controllability objective of variable 
B, read node B, is shifted to the corresponding write node, 

3 5 NEXT_B. However, if a read node is reached and the read node is 



-14- 



1 40704/PYI/F179 

a primary input, the objective is satisfied. Also, if the read 
node reached is a process input, the objective is shifted to a 

5 write node of another process or concurrent RTL statement which 
feeds the current process. 

Alternatively, if a write node is reached, the corresponding 
objective is shifted to one of the assignment value inputs of the 
assignment decision node that feeds or supplies the reached write 

10 node, and the controllability to one objective is required for 
the corresponding condition input to the assignment decision 
node. The number of choices of justification paths are based on 
the number of inputs supplying the assignment decision node. As 
such, backtracking may be required, as shown in stacks 551A-B. 

15 if there is a clock-edged testing expression subtree, i.e., 

subtree 331, with weight or event statements in the expression 
subtree that feeds the condition input to the assignment decision 
node, then the time frame number of the objective is decremented 
by one, as shown in stack 5 5 IB and 5 5 ID. If an output of an 

20 operation node, i.e., output 51 (FIG. 3), is reached, the output 
is transformed according to the functionality of the operation 
and the RTL algebra. Transformations for different RTL and logic 
operations are stored in a lookup table. Determining propagation 
paths is similar to determining justification paths as described 

25 above, but in the reverse, reversing from the primary outputs to 
the operation outputs. Also, during the propagation from a 
control input of an assignment decision node to the output of the 
assignment decision node, the corresponding assignment value 
input and complimentary condition value input of the assignment 

30 decision node, must have different values. 

Newly assigned objectives may conflict with objectives that 
have been previously satisfied. For example, if general 
controllability is required on a variable in a particular time 
frame when the general controllability of the same variable in 

35 the same time frame has already been determined, a conflict may 
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arise such that controlling a variable to two different arbitrary 
values in the same time frame is not possible. Likewise, 
5 controllability to zero of a variable can conflict with 
controllability to one for the same variable. Thus, a list of 
objectives that have been satisfied is maintained and consulted 
such that new objectives which conflict are not entered into the 
stack. 

10 During the justification and propagation, the time frame 

number starts at zero on the initial objectives and decrements, 
i.e., become more negative during justification, and increments, 
i.e., become more positive during propagation. During the 
justification and propagation, a justification frontier is 

15 maintained in a stack with the objectives that need to be 
satisfied. The justification frontier is a set of objectives 
that represent a set of gates whose output value is known, but 
not implied by its input values. Also, during propagation an 0- 
frontier is maintained. The 0-frontier is a set of objectives 

2 0 that represents a set of gates having an output value that is 

arbitrary but has one or more error values at the inputs to the 
gates. 

Once the set of justification and propagation paths are 
determined for the targeted internal portion, e.g., the addition 

25 operation, a test environment for the addition operation is 
found. FIG. 8 illustrates a flow diagram of one embodiment the 
sub-process of using the test environment to generate system 
level tests. In block 3 01, the sub-process zeros the most 
negative time frame of the objective in the justification/ 

30 propagation record found in the justification/propagation sub- 
process. The sub-process also updates the other time frames in 
the other records. For example, the most negative time frame, 
negative two, is set to zero and the other time frame numbers are 
respectively updated, e.g., negative one to one, zero to two, one 

35 to three, etc. In block 303, the sub-process sets a maximum time 
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frame, i.e., the largest time frame value of the updated time 
frames, in block 301. A pre-computed test set for the addition 

5 operation is then used by the sub-process to apply test vectors 
to the test environment in block 305. For example, for the 
addition operation, if the values of zero and five are 
respectively required in the left and right inputs of the 
addition operation as a test vector, read node A is assigned a 

10 zero, and read node B is assigned to five. The test environment 
is then used to justify the values to the primary inputs to get 
zero at the primary input APORT and five at the primary input 
BPORT. Primary inputs which are not used are supplied with 
random values. 

15 The sub-process, in block 3 07, propagates the test vectors 

according to the objectives in the justification/propagation 
records for the specified time frame. The sub-process, in block 
3 09, retrieves the values at the primary inputs and saves the 
test sequence in block 311. Primary inputs that are not used are 

20 assigned random values. The sub-process then returns. The sub- 
process is repeated as many times as required for any number of 
test vectors. All test sequences obtained from the test vectors 
of the pre-computed test set are concatenated together to 
generate a system level test set for the addition operation. The 

2 5 length of a test sequence corresponds to the largest time frame 

number in the test environment . 

In one embodiment, the pre-computed test set for each type 
of arithmetic operation is stored in a library for each possible 
byte width. The pre-computed test set, in one embodiment, is 

3 0 determined from a test set for a serial implementation of the 

arithmetic operation in combination with a test set for a 
parallel implementation for the same operation. In one 
embodiment, if available, implementation independent test sets 
are used instead of the pre-computed test sets or a combination 
35 of the two. 
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Referring back to FIG. 1, once the arithmetic modules have 
been targeted and tested, the process targets logic arrays. 

5 Logic arrays are similarly tested as arithmetic modules, 
previously described. However, when a mult i -byte logic operation 
or logic arrays are targeted and tested, the process recognizes 
that test sets always fall within a constant. As such, each test 
vector can be individually justified and propagated without using 

10 the general controllability objective. For example, for an OR 
gate array with left and right input buses, the test environment 
is {(Cal, CO), (CO, Cal), (CO, CO)}. 

Storage elements being registers, latches and memories are 
also targeted and tested by the process. FIG. 9 illustrates a 

15 flow diagram of one embodiment of the sub-process of testing 
storage elements. In block 401, the sub-process determines if 
the storage element has already been tested. In one embodiment, 
the sub-process compares the current storage element targeted to 
a list of previously tested modules to determine if the storage 

20 element has been already tested. If the storage element has 
already been tested, the sub-process returns. During the testing 
of arithmetic and logical modules, many of the registers and 
latches were tested. Thus, these corresponding latches and 
registers are not re- tested. 

25 In one embodiment, each write node, read node and assignment 

decision node value port is tagged, e.g., marked with a w l" , if 
during the determining of the test environment of the other 
internal portions, e.g., arithmetic modules, a Cg objective is 
satisfied for the variable of the write node, read node or 

30 assignment decision node value port. Thus, if the process 
determines that a write node, read node or assignment decision 
node value port is tagged, the process skips testing of the node 
or port . 

If the sub-process determines, in block 401, that the 
35 storage element has not been tested then, in block 403, the sub- 
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process determines if the storage element is a memory unit. 
Storage elements, as viewed from the assignment decision diagram, 

5 are write nodes coupled to outputs of an assignment decision 
node. If one of the condition inputs to the assignment decision 
node is coupled to a clock-edged testing subtree, then the 
storage element is implemented as a register, otherwise the 
storage element is implemented as a latch. Memories are 

10 typically formed by array declarations in the RTL circuit 
description. 

If the sub-process determines that the storage element is 
not a memory unit, the sub-process generates a test environment 
for the storage element in block 405 and loads a pre-determined 
15 test pattern as a test vector to test the storage element, in 
block 407. The sub-process then returns. For instance, all 
untested storage elements are tested by loading zero patterns and 
one patterns to each of the elements and their outputs are 
observed. As such, one test environment is obtained with the 

2 0 controllability to zero objective and a separate test environment 

is obtained with the objective of controllability to all ones. 

If the sub-process determines that the storage element is 
a memory unit, the sub-process generates a test environment for 
the memory unit, in block 409. In one embodiment, a test 

25 environment is found by using the general controllability 
objective at the data and address lines or variables to the 
memory along with a controllability to one objective on the right 
control port or a controllability to zero objective if the 
control port is low active. Subsequently, another test 

30 environment is found using a general controllability objective 
at the address variable of the memory and a controllability to 
one objective (controllability to zero if low active) on the read 
control port and a observability objective on the output port of 
the memory. In block 411, the sub-process tests the test 

35 environment of the memory unit by loading a test pattern into the 
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memory and reading out the pattern. The sub-process then 
returns. The sub-process is repeated for each storage element 
5 targeted. 

The process targets and tests the interconnects as shown in 
FIG. 1. Interconnects in a circuit is in the form of either 
buses or multiplexers. For example, a two-input multiplexer is 
represented as a assignment decision node with a two-assignment 

10 by inputs and complimentary condition input. In this example, 
the assignment value inputs to the assignment decision node are 
VI and V2, and the condition input is S such that S assumes the 
value of one, the input VI is chosen, and if S assumes the value 
of zero, the value input V2 is chosen. Thus, four test 

15 environments, {[Cal(Vl), CI (S) ] , [Cal(V2), CO (S) ] , [CO (VI) , 
Cal(V2), C1(S)] and [Cal (VI) , C0(V2), CO (S) ] } are required for 
a complete testability of the multiplexer. In case of a 
register, the register load is typically represented as a two- 
input assignment decision node on top of a write node 

20 representing the register variable. As such, testing the 
assignment decision node also tests the register load line. 

For testing complex multi- input ADN nodes, a test 
environment is found using the Cal requirement on each of the 
value inputs to the ADN node and a CI requirement on the 

25 corresponding condition input. For example, for a complex multi- 
input ADN node with five condition inputs SI, S2 , S3, S4 and S5 
and value inputs VI, V2 , V3, V4 and V5, the test environment is 
found using the following objectives: { [Cal (VI) , CI (SI) ] , 
[Cal(V2), C1(S2)] , [Cal(V3), CI (S3)], [Cal (V4) , C1(S4)], 

30 [Cal(V5), C1(S5)]}. In one embodiment, the ADN is synthesized 
into a multi -input multiplexer tree. Since the order of the 
inputs to the multiplexer tree may be unknown, a select line 
stuck-at test may only be performed under the conditions of CO 
at one of the value inputs, e.g., CO (VI), and CI at the 

35 corresponding condition input, e.g., Cl(sl). Accordingly, in 
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this case, using the 5 -input ADN node example above, the 
following objectives are also used to find the test environment: 

5 {[CO (VI), CI (SI)], [C0(V2), C1(S2)] , [CO (V3 ) , CI (S3)], [CO (V4) , 
CI (S4) ] , [CO (V5) , CI (S5) ] } . 

Random logic blocks are also targeted and tested by the 
process. The random logic blocks are represented as logic 
controlling the condition ports to the assignment decision nodes 

10 or if a value inputs to an assignment decision node, and the 
assignment decision nodes are constant, then the assignment 
decision nodes will be synthesized as a random logic block. The 
random logic assignment decision nodes thus are identified and 
tested by controlling each condition input signal to the 

15 assignment decision nodes to one and serving the write node of 
the output of the assignment decision node. 

In one embodiment, the RTL circuit being tested includes 
components which are designated as black boxes, e.g., components 
whose RTL design are not public. As such, the process is unable 

2 0 to determine justification and propagation paths that extend 

past the boundaries of the black boxes without being provided 
addition information. The additional information required 
includes a description identifying how each input to the black 
box is propagated to one or more outputs within a fixed number 
25 of cycles. As such, the O-frontier maintained by the process may 
be propagated across the black box using this additional 
information. In one embodiment, additional information required 
includes how each output of the black box may be justified from 
one input or a combination of inputs in a fixed number of cycles. 

3 0 However, it is known that the black box is combinational in 

nature and a test bench is available, the process can test the 
black box as a arithmetic operation by finding a test environment 
using general controllability objectives at the inputs of the box 
and observability at the outputs of the box. If the black box 
35 is sequential in nature, then justification and propagation of 
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test vectors may require numerous cycles, and as such additional 
design for testability devices or techniques may be required. 

5 Referring to FIG. 10, one embodiment of the sub-process 

testing black boxes targeted is shown. In block 601, the sub- 
process adds predetermined justification and propagation paths 
to the look-up table utilized for transformations. In block 603, 
the sub-process adds predetermined test sets to the test set 

10 library. In block 605, the sub-process determines if the black 
boxes are sequential. If the sub-process determines that the 
black boxes are sequential, then a design for test (DFT) device 
is utilized, in block 607, to manipulate clocks provided to the 
internal portion during justification and propagation of a test 

15 vector from the primary inputs to the inputs of the internal 
portion and to the primary outputs from the outputs of the 
internal portion. In block 609, the sub-process tests the black 
box using the predetermined justification and propagation paths 
and test sets, and then the sub-process returns. 

2 0 As each internal portion of the assignment decision diagram 

is targeted and tested by the process, as described in reference 
to FIG. 1, other conditions also arise. For example, In one 
embodiment, the process encounters bus splits and/or joins in 
which the process uses various transformation rules based on the 

25 RTL algebra to handle these buses. 

In other words, as the process traverses the ADD during 
justification and propagation, the process identifies split and 
join nodes and performs the appropriate transformation. For 
example, during justification, if two bit lines join to form a 

30 bus b[l:0], the objectives CI (b [0:0]) and CI (b [1:1]) transforms 
to Cal(b[l:0]). Similarly, during propagation, if a bus a [3:0], 
for example, splits into four individual bit lines, the objective 
O(a[3:0]) is transformed to [O(a[0:0]) & 0(a[l:l]) & 0(a[2:2]) 
& 0(a(3:3)]. In another example, if a bus b[5:2] splits into 

35 individual bit lines, during propagation, the objective 0(b[5:2]) 
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transforms to [0(b[5:5]) &0(b[4:4]) &0(b[3:3]) & 0 (b [2 : 2] ) ] . 
Table 1 describes further examples of transformations of 
objectives when, during justification, one or more bit lines join 
(rows one and two) and, during propagation, one or more bit lines 
join (rows three and four) . 



15 



Case 


Initial Objective (s) 


New 

Objective (s) 


l 


Cal(a[7:4]), Cal(a[3:2]), Cal(a[l:0]) 


Cal (a [7:0] ) 


2 


Cq(d[3:2]), Cq(d[l:0]) 


Cq(d[3:0] ) 


3 


Cl{c[3:2]), C0(c[l:l]), C0(c[0:0]) 


Cg(c [3:0] ) 


4 


0'(e[8:8]), 0(e[7:6]), 0(e[5:4]), 
0' (e[3:3] ) 


0(e[8:3] ) 



Table 1 



In some instances, a bus objective, as a whole, fails to 
propagate or justify, as such the objectives are expanded in 
terms of bit-level objectives, e.g., expanding a Cg objective to 
a random set of CI and CO objectives, and then justified and 
propagated. 

In another example, a register having an asynchronous 
set/reset is encountered. To represent the asynchronous 
set/reset in the assignment decision diagram, the write node 
corresponding to the variable stored in the register is fed by 
an assignment decision node which has one condition input that 
does not have the clock tree expression in its transitive fan- in. 
During propagation and justification, if the assignment value 
input to the assignment decision node selected corresponds to the 
condition input, then the time frame is unchanged, e.g., not 
incremented or decremented. Thus, the asynchronous behavior is 
maintained. 
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In one embodiment, if the process determines that 
justification of a variable depends on the same variable in the 

5 previous time frame in a repetitive manner and other 
possibilities for justification have been exhausted, the process 
determines that a counter variable is detected. For example, if 
the justification objectives have a patter of Cg(a[3:0], 0) , 
Cg(a[3:0], -2), Cg(a[3:0], -4), the process identifies the 

10 variable a [3:0] as a counter variable. Once the process 
identifies the counter variable, the process locates the reset 
line of the counter variable, resets the counter and exercises 
the counter for a fixed number of cycles to propagate the 
counter's output to a primary output. 

15 In one embodiment, the RTL circuit is hierarchical in 

nature. The process handles the hierarchical design using top 
level connectivity files that specify the connectivity among the 
different components. During justification, when the 

justification frontier has reached the inputs of a component, the 

20 connectivity is used to transfer the justification frontier to 
the output of another leaf component or to a primary input. As 
such, testing occurs in all leaf components of the RTL circuit. 
During propagation, the process similarly operates to reach a 
primary output. To assist in the hierarchy traversal, objectives 

25 are tagged with a hierarchy string. For example, general 
controllability of a variable A, Cg (A) , where A is in component 
X which is in component Y which is in component Z, then Cg (A) 
is tagged with hierarchy string X.Y.Z. 

In one embodiment, the process is unable to find the test 

3 0 environment and thus heuristics are used. In one embodiment, the 
heuristic partial justification and propagation is used. As 
such, a partial test environment is found based on the satisfying 
of some justification and propagation objectives that were 
required. The partial test environment is then used to generate 

35 a test sequence. 
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If a propagation objective fails to be satisfied, a 
propagation heuristic is used in which a predetermined number of 

5 random test vectors are added to a partial test environment based 
on justification and thus attempt to propagate the error to a 
primary output . 

Accordingly, the present invention provides a test pattern 
generation process and system for RTL circuits. Although this 

10 invention has been described in certain specific embodiments, 
many additional modifications and variations would be apparent 
to those skilled in the art. It is therefore to be understood 
that this invention may be practiced otherwise than as 
specifically described. Thus, the present embodiments of the 

15 invention should be considered in all respects as illustrative 
and not restrictive. The scope of the invention to be determined 
by the appended claims and their equivalence rather than the 
foregoing description. 
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